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Enterohemorrhagic and enteropathogenic Escherichia coli are gastrointestinal pathogens
that disrupt the intestinal microvilli to form attaching and effacing (A/E) lesions on
infected cells and cause diarrhea. This pathomorphological trait is encoded within the
pathogenicity island locus of enterocyte effacement (LEE). The LEE houses a type 3
secretion system (T3SS), which upon assembly bridges the bacterial cytosol to that of
the host and enables the bacterium to traffic dozens of effectors into the host where
they hijack regulatory and signal transduction pathways and contribute to bacterial
colonization and disease. Owing to the importance of the LEE to EHEC and EPEC
pathogenesis, much of the research on these pathogens has centered on its regulation.
To date, over 40 proteinaceous factors have been identified that control the LEE at various
hierarchical levels of gene expression. In contrast, RNA-based regulatory mechanisms
that converge on the LEE have only just begun to be unraveled. In this minireview, we
highlight major breakthroughs in small RNAs (sRNAs)-dependent regulation of the LEE,
with an emphasis on their mechanisms of action and/or LEE-encoded targets.
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EPIDEMIOLOGY AND PATHOGENESIS OF EHEC AND EPEC
Enterohemorrhagic Escherichia coli (EHEC) and enteropathogenic E. coli (EPEC) belong to the
attaching and effacing (A/E) family of pathogens that are major public health concerns worldwide
(Mellies et al., 2007; Bhatt et al., 2011). During infection, A/E pathogens adhere intimately to
host cells (attachment) and destroy cellular microvilli (effacement) to form A/E lesions. These
ultrastructural changes limit the absorptive capacity of the intestinal cells, leading to diarrhea
(Mellies et al., 2007; Bhatt et al., 2011). The ability of EHEC and EPEC to form A/E lesions is
mediated by factors encoded within the pathogenicity island locus of enterocyte effacement (LEE;
Mellies et al., 2007; Bhatt et al., 2011). The LEE encodes a type 3-secretion system (T3SS) that
assembles in the bacterial extracytoplasmic space and matures to puncture the host cell membrane
to directly connect the bacterial cytosol to that of the infected host (Mellies et al., 2007; Bhatt et al.,
2011). Subsequently, the bacterium traffics diverse effector molecules into the infected host where
they hijack host signal transduction pathways to aid bacterial colonization and cause disease (Kenny
et al., 1997; Mellies et al., 2007; Croxen and Finlay, 2010; Bhatt et al., 2011). The essentiality of
the LEE to EPEC and EHEC virulence has made it a focal point for regulatory studies. Over 40
proteinaceous factors, operating at every conceivable level of gene expression, have been identified.
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Structural andmechanistic studies have been performed onmany
of these (Bustamante et al., 2001; Haack et al., 2003; Mellies et al.,
2007; Jimenez et al., 2010). By contrast, the roles of regulatory
small RNAs (sRNAs) in the pathogenesis of A/E bacteria remain
undercharacterized. The current minireview focuses on sRNAs
implicated in EHEC and EPEC virulence, with an emphasis
on their mode of action, regulated targets, and significance to
pathophysiology.
STRUCTURE, FUNCTION, AND
ADVANTAGES OF sRNAs
sRNAs are heterogeneous molecules that range from ∼50 to 500
nucleotides (Waters and Storz, 2009). The majority of sRNAs
base-pair to target mRNAs and affect transcriptional elongation,
mRNA stability, and/or translation (Waters and Storz, 2009;
Papenfort and Vogel, 2010). Base-pairing sRNAs can be further
classified as cis-encoded or trans-encoded on the basis of their site
of synthesis with respect to the target(s) controlled by them. Cis-
encoded sRNAs are specified at the same genetic locus as their
target genes but from the complementary strand (Waters and
Storz, 2009; Papenfort and Vogel, 2010). As such, cis-encoded
sRNAs possess expansive tracts of perfect complementarity
to their target mRNA. By contrast, trans-encoded sRNAs are
synthesized from genomic loci that are located distantly from
their target genes (Waters and Storz, 2009; Papenfort and Vogel,
2010). Consequently, they elicit their regulatory effects via shorter
and discontinuous tracts of complementarity, often ranging
between 6 and 25 base-pairs in length. Owing to their limited
potential for heteroduplex formation, most trans-encoded, but
not cis-encoded, sRNAs require an RNA chaperone to facilitate
base-pairing with their partner. The most frequently employed
bacterial RNA chaperone is the posttranscriptional factor Hfq
(Waters and Storz, 2009; Papenfort and Vogel, 2010). Together,
Hfq and Hfq-dependent sRNAs coregulate numerous biological
processes including oxidative stress, acid stress, motility, quorum
sensing, antibiotic resistance, and virulence, among others
(Waters and Storz, 2009; Chao and Vogel, 2010; Papenfort and
Vogel, 2010).
sRNAs bestow numerous advantages that enhance the
regulatory and phenotypic range of their bacterial host. For
instance, sRNAs are metabolically inexpensive and rapidly
synthesized because they are small in size and forgo translation
(Waters and Storz, 2009). Moreover, because most sRNAs
function posttranscriptionally the response time for target gene
expression is significantly reduced (Shimoni et al., 2007; Mehta
et al., 2008; Waters and Storz, 2009; Beisel and Storz, 2010).
Other advantages of sRNAs include the presence of multiple
sequentially diverse base-pairing regions, flexible positioning
of complementary base-pairing sites on their target mRNAs,
ability to uncouple and differentially regulate polycistronic
genes, and lower basal level of gene expression by facilitating
message degradation (Perez and Groisman, 2009; Beisel and
Storz, 2010, 2011; Durand and Storz, 2010; Papenfort and
Vanderpool, 2015). These regulatory and mechanistic properties
of sRNAs significantly expand the responsiveness of bacterial
gene expression to a multitude of environmental cues. Thus, due
to the numerous benefits afforded by sRNAs, it comes as no
surprise that pathogens have readily assimilated riboregulatory
mechanisms into virulence-associated pathways.
sRNA-DEPENDENT REGULATION OF THE
LEE
Role of Hfq in Regulation of the LEE
Hfq is an RNA chaperone that functions as a homohexameric
toroidal protein with distinct proximal and distal surfaces
that facilitate sRNA-mRNA transactions (De Lay et al., 2013).
Structural studies with Hfq reveal that its proximal surface binds
to polyuridine tracts located downstream of a stem-loop—a
structural feature abundant in Hfq-dependent sRNAs (Valentin-
Hansen et al., 2004; De Lay et al., 2013). Meanwhile, the distal
surface binds to tandem poly-(A-R-N) repeats, where A, R, and
N represent adenine, purine, and any nucleotide respectively. E.
coli mRNAs are replete with ARN repeats suggesting that Hfq
preferentially associates withmRNAs by using its distal face (Link
et al., 2009; De Lay et al., 2013). Hfq can simultaneously utilize
its proximal and distal faces and facilitate sRNA-mRNA pairing
(Link et al., 2009; De Lay et al., 2013). The relatively relaxed
sequence recognition enables Hfq to control numerous cellular
processes including virulence (Chao and Vogel, 2010). In both
EHEC and EPEC Hfq controls the LEE with varying regulatory
outcomes in a pathotype-specific manner (Hansen and Kaper,
2009; Shakhnovich et al., 2009; Kendall et al., 2011; Figure 1). In
the EHEC strain EDL933, Hfq globally silences gene expression
from the LEE through two independent regulatory pathways
(Hansen and Kaper, 2009; Shakhnovich et al., 2009; Figure 1).
In the exponential phase, inactivation of hfq stabilizes the grlRA
mRNA (Hansen and Kaper, 2009). Because increased expression
of grlA is epistatic to grlR this results in transcriptional activation
of ler, which, in turn, activates the other LEE-encoded operons
and stimulates pedestal formation in the hfqmutant. Meanwhile,
in the stationary phase, the effect of Hfq is independent of
grlRA since Hfq-dependent repression of the LEE is intact in
the grlRA mutant (Hansen and Kaper, 2009). Presumably, this
effect involves direct translational repression of ler since a ler’-
‘lacZ translational fusion containing the 5′ UTR of ler that is
transcribed from a heterologous GrlA-independent promoter is
still regulatable by Hfq (Shakhnovich et al., 2009; Figure 1).
Curiously, in the related EHEC biotype 86-24, the hfq mutant
exhibits a starkly contrasting phenotype compared to the hfq
mutant of EHEC EDL933 (Kendall et al., 2011). In EHEC 86-
24, loss of hfq globally diminishes gene expression from the LEE
in a ler-dependent manner. This suggests that Hfq functions as
an activator, rather than a repressor, of the LEE in EHEC 86-
24 (Kendall et al., 2011; Figure 1). However, whether the effect
is direct or indirect remains to be elucidated. The antagonistic
role of Hfq in EDL933 and 86-24 has been attributed to other
genotypic differences such as the presence/absence of strain-
specific sRNAs that lead to the observed regulatory outcomes.
Whereas, the physiological role of Hfq in EHEC virulence has
received considerable attention, the role of Hfq in EPEC has
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FIGURE 1 | Hfq and sRNA-dependent regulation of the LEE in EHEC and EPEC. The locus of enterocyte effacement (LEE) pathogenicity island includes the
multicistronic operons LEE1-5, the bicistronic operon grlRA, and multiple monocistronic transcription units. In an inducible environment the master regulator Ler
orchestrates the synchronous transcriptional activation from the other LEE operons, including grlRA, which culminates with morphogenesis of A/E lesions. GrlA and
GrlR participate in a complex positive and negative feedback loop with ler respectively to refine transcription from the LEE. In the EHEC strain EDL933 Hfq represses
the LEE by destabilizing the grlRA mRNA as well as by targeting the 5′ UTR of ler. In EHEC 86-24 Hfq activates LEE via ler, and multiple trans-encoded sRNAs,
integrated at different regulatory checkpoints, are involved in this regulation. These include sRNA350, sRNA103, sRNA56, GlmZ, and GlmY. In the EHEC strain Sakai
the cis-encoded sRNA Arl silences LEE by repressing ler. In EPEC, Hfq represses the LEE by targeting grlRA. The figure has been modified from Bhatt et al. (2011).
only been investigated superficially. In EPEC, inactivation of hfq
derepresses the expression of GrlA and the GrlA-regulated LEE
genes, suggesting that Hfq has a similar role to that observed in
the EHEC strain EDL933 (Hansen and Kaper, 2009; Shakhnovich
et al., 2009; Figure 1). However, the molecular details in EPEC
have not been addressed.
Role of Hfq-Dependent Trans-Encoded
sRNAs in Regulation of the LEE
Ongoing studies have finally illuminated the elusive Hfq-
dependent sRNAs that coregulate the LEE in EHEC 86-24.
Using RNA sequencing, Gruber and Sperandio identified seven
novel EHEC-specific sRNAs (Gruber and Sperandio, 2015). The
expression of all but one of these sRNAs was diminished in
the hfq mutant. Multiple Hfq-dependent sRNAs—sRNA350,
sRNA103, and sRNA56—were shown to activate the LEE by
affecting different targets and to varying degrees (Gruber and
Sperandio, 2015; Figure 1). For instance, overexpression of
sRNA350 globally activated transcription from all the LEE-
encoded operons by affecting the master regulator ler (Gruber
and Sperandio, 2015; Figure 1). However, the direct target of
this riboregulator remains to be determined. Interestingly, the
genetic architecture of sRNA350 does not conform to that of
prototypical Hfq-dependent sRNAs.Most Hfq-dependent sRNAs
are encoded by monocistronic transcription units; however,
sRNA350 is encoded by the 3′ UTR of the LEE-encoded cesF
gene, which specifies the chaperone for the T3S effector protein
EspF (Elliott et al., 2002). Furthermore, sRNA350 does not appear
to be posttranscriptionally cleaved and exerts its regulatory effect
as part of the cesF transcript (Gruber and Sperandio, 2015). In
contrast to sRNA350, sRNA103 and sRNA56 selectively target
the LEE4-encoded espA transcript with the former eliciting a
stronger regulatory response. However, neither sRNA appears
to be complementary to espA, suggesting that the observed
regulatory effect is mediated indirectly via an intermediate factor
(Gruber and Sperandio, 2015). sRNA103 and sRNA56 also affect
other genes scattered elsewhere in the EHEC genome (Gruber
and Sperandio, 2015).
Besides EHEC-specific sRNAs, ancestral sRNAs, conserved
between non-pathogenic and pathogenic lineages of E. coli, also
regulate the LEE in EHEC 86-24. The two conserved Hfq-
dependent sRNAs—GlmY and GlmZ—control the expression
from the LEE4 and LEE5 operons as well as the non-LEE
encoded gene espFU (Gruber and Sperandio, 2014, 2015). GlmY
and GlmZ are paralogous sRNAs that were originally identified
as translational activators of the enzyme Glucoseamine-6-
phosphate synthase (GlmS; Kalamorz et al., 2007; Reichenbach
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et al., 2008; Urban and Vogel, 2008; Waters and Storz, 2009).
Despite extensive identity, GlmY andGlmZ exert their regulatory
effects via distinct mechanisms. Unprocessed GlmZ possesses
a seed region that base-pairs to and activates translation from
the glmS transcript. GlmY, however, lacks the seed region and
therefore does not base-pair to glmS. Rather, GlmY functions
indirectly by preventing the processing of GlmZ by the enzyme
RapZ, thereby increasing the cellular availability of unprocessed
GlmZ to promote translation from glmS (Kalamorz et al.,
2007; Reichenbach et al., 2008; Urban and Vogel, 2008; Waters
and Storz, 2009). In EHEC, both GlmY and GlmZ destabilize
the LEE4 and LEE5 encoded polycistronic transcripts while
enhancing translation of espFU by promoting cleavage in the
intergenic region of the espJ-espFU transcript (Gruber and
Sperandio, 2014; Figure 1). GlmZ directly base-pairs to the LEE4
transcript and selectively destabilizes the 3′ segment, containing
espADB and the downstream ORFs, while having no effect on
the 5′ segment of the transcript that contains sepL (Gruber and
Sperandio, 2014). Direct evidence for duplex formation between
GlmZ and LEE4 was provided by site-directed mutations within
the seed region of GlmZ as well as compensatory mutations
in its target site on LEE4. Furthermore, in a subsequent study
the same authors clarified the role of GlmY in regulation of
the LEE4 operon (Gruber and Sperandio, 2015). Here, they
demonstrated that increased gene expression from the LEE and
the ensuing A/E lesion formation observed in the∆glmY mutant
is abolished in the ∆glmY ∆rapZ double mutant suggesting
that rapZ is epistatic (or downstream) to glmY (Gruber and
Sperandio, 2015). This observation, coupled to the fact that
overexpression of GlmY represses the LEE4 transcript without
affecting the LEE4 promoter activity, suggest that GlmY post
transcriptionally represses LEE4 indirectly by binding to and
sequestering RapZ fromGlmZ. Free GlmZ, in turn, directly binds
to and destabilizes the LEE4 transcript thereby reducing pedestal
formation. In other words, the GlmY- and GlmZ- dependent
regulation of LEE4 occurs in a manner similar to how these
paralogs affect the expression of glmS. Interestingly, EspA, EspD,
EspB, and some of the other downstream-encoded proteins are
structural components of the T3S translocon, whereas SepL,
along with SepD, functions as a regulatory switch that promotes
the hierarchical secretion of translocators over effectors (Wang
et al., 2008). SepL binds to effectors, such as Tir, effectively
sequestering them until the maturation of the T3SS (Wang et al.,
2008). Thereafter, the SepL/SepD switch triggers the shift from
translocator to effector secretion. Perhaps, GlmZ and GlmY are
expressed after the assembly of the T3SS when EspA, EspB,
and EspD are no longer required but SepL is still needed to
synchronize the hierarchical order of effector secretion, including
EspFU . Paradoxically, a counterintuitive discovery made in this
study was that GlmY and GlmZ antagonistically regulated targets
all of which are required for the morphogenesis of pedestals
in EHEC (Gruber and Sperandio, 2014). For instance, the
proteinaceous factors encoded within LEE4, LEE5, and espFU
promote A/E lesions in EHEC; however, GlmY and GlmZ
negatively regulated LEE4 and LEE5 but positively regulated
espFU . The authors propose an attractive hypothesis that perhaps
these regulatory sRNAs limit the uncontrolled expression from
the LEE and synchronize it with the non-LEE encoded gene
espFU (Gruber and Sperandio, 2014). This mechanism would
ensure that physiologically precise stoichiometric ratios of the
architectural and secreted proteins are synthesized, which has
been shown to be critical for the formation of A/E lesions
and successful infection of the host. However, it remains to
be determined if the sRNA-dependent regulation observed in
EHEC 86-24 extends to other biotypes of EHEC, which form
pedestals by the same mechanism. Interestingly, the linker
protein EspFU, essential for EHEC to form pedestals, is not
present in the genome of EPEC and the bacterium relies on
a different posttranslational mechanism for pedestal formation
(Mellies et al., 2007). This observation suggests that GlmY
and GlmZ are unlikely to be functionally equivalent in EHEC
and EPEC with regards to pedestal formation. This regulatory
divergence between EHEC and EPEC appears to extend to
another conserved Hfq-dependent sRNA—DsrA. In all tested
strains of EHEC, DsrA activates the transcription of ler in an
RpoS-dependent manner. However, DsrA does not affect the
LEE in EPEC (Laaberki et al., 2006). This is in stark contrast
to conserved proteinaceous transcription factors that regulate
the LEE identically between EHEC and EPEC. For instance,
the DNA-binding proteins H-NS, Fis, and GrlA modulate the
LEE similarly in all A/E pathogens (Mellies et al., 2007; Bhatt
et al., 2011). Thus, conserved sRNAs appear to be more malleable
to regulatory rewiring in order to elicit strain-specific plastic
responses for conserved morphogenetic pathways—a trait that
is particularly advantageous in adapting pathogens to different
niches. Moreover, these findings also suggest that it would be ill-
advised to extrapolate the role of conserved sRNAs in one A/E
pathogen based upon its role in another, and that their functions
must be experimentally deduced in each member.
Regulation of the LEE by Cis-Encoded
sRNAs
Besides trans-encoded sRNAs, at least one cis-encoded sRNA,
antisense regulator of ler RNA (arl), has been implicated in
regulation of the LEE in the EHEC strain Sakai (Tobe et al.,
2014; Figure 1). The arl gene is located downstream of ler
but transcribed from the antisense strand. Consequently, Arl
exhibits extensive complementarity to the LEE1-encoded ler
mRNA. The transcription of arl is stimulated by elevated
cytoplasmic levels of iron (Fe2+) or hydroxyl (OH◦) radical
but does not require the iron-responsive transcriptional factor
Ferric uptake regulator (Fur; Tobe et al., 2014). Arl regulates
the ler-encoded LEE1mRNA posttranscriptionally by specifically
targeting the 3′ region of ler, over a region spanning the C-
terminal domain of ler as well as the 3′ UTR. This conclusion
is based on the observation that Arl-dependent regulation
of ler is intact when just the C-terminal coding region of
ler and its 3′ UTR is translationally fused to MBP and this
chimeric MBP’-‘ler construct is transcriptionally driven by the
heterologous lac promoter (Tobe et al., 2014). Moreover, Arl
not only destabilizes the LEE1 mRNA but also directly impacts
translation completion from the ler ORF. As cytoplasmic iron
is depleted the transcription of arl is reduced and this enhances
the stability and translation from the ler-encoding LEE1 mRNA,
which in turn primes the LEE regulatory cascade that culminates
with morphogenesis of A/E lesions (Tobe et al., 2014). These
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regulatory and phenotypic observations indisputably suggest that
Arl posttranscriptionally controls the LEE1 mRNA, presumably
by direct base-pairing. However, the role of Arl in EPEC as well
as the other EHEC biotypes has not been explored.
ROLES OF sRNAs IN OTHER
VIRULENCE-ASSOCIATED PROCESSES
In the past few years a novel class of sRNAs have been
identified that specifically target other sRNA molecules (Tree
et al., 2014). These sRNAs have been aptly termed “anti-
sRNAs” since they mimic mRNA substrates and base-pair
to complementary sRNAs to antagonize them. sRNA-anti-
sRNA pairing may sequester and/or promote non-conducive
conformations in the sRNA thereby preventing sRNA-mRNA
base-pairing (Tree et al., 2014). The Hfq-dependent anti-sRNAs
AgvB1 and AgvB2, encoded within an EHEC-specific prophage,
confer a competitive advantage and enable the pathogen to
colonize and multiply within the terminal rectal mucus (TRM)
of the bovine gastrointestinal tract, thereby facilitating bacterial
transmission and virulence (Tree et al., 2014). AgvB1 and
AgvB2 mechanistically function by base-pairing to the core
sRNA GcvB and antagonizing its effect. These anti-sRNAs
possess the canonical base-pairing element, CACAACA, which
is commonly observed on GcvB-regulated mRNAs and is
recognized by the R1 seed region of GcvB (Sharma et al., 2011;
Tree et al., 2014). Thus, AgvB1 and AgvB2 competitively inhibit
GcvB by binding to it and sequestering the sRNA from its
mRNA targets. The proposed mechanistic role of the AgvB
paralogs is well supported by elegant genetic and biochemical
experiments (Tree et al., 2014). However, the GcvB-dependent
targets that affect colonization and transmission in the TRM are
currently unknown. Another anti-sRNA, AsxR, is also encoded
by an EHEC-specific prophage, BP933W. AsxR is also an Hfq-
dependent anti-sRNA that duplexes with the sRNA FnrS and
destabilizes it (Tree et al., 2014). However, the physiological role
of AsxR in EHEC pathogenesis has not been addressed.
INSIGHTS INTO RNA-MEDIATED
REGULATION AND OUTSTANDING
QUESTIONS
It is evident that our understanding of the roles of sRNAs in the
virulence of A/E pathogens is still in its infancy. By contrast, there
is copious information on the roles of sRNAs in non-pathogenic
E. coli and pathogenic Salmonella Typhimurium (Waters and
Storz, 2009; Papenfort and Vogel, 2010). Even amongst A/E
pathogens there is disproportionate investigation into the roles
of sRNA. Whereas, dozens of novel sRNAs have been identified
in EHEC, by contrast, sRNAs in EPEC remain cryptic (Gruber
and Sperandio, 2014, 2015; Tree et al., 2014). Thus, there is dire
need to explore the role of sRNAs in EPEC.
Perhaps the most significant question pertains to the number,
nature, and location of riboregulatory genes in A/E pathogens.
Multiple studies suggest that pathogenicity islands have a higher
density of sRNA-coding genes (39 sRNAs/Mb) compared to the
core genome (23 sRNAs/Mb; Raghavan et al., 2011; Keseler et al.,
2013). Consistent with these observations, recently Tree et al.
identified 63 novel Hfq-dependent sRNAs in EHEC, of which
55 were encoded within bacteriophage-derived pathogenicity
islands and 8 within the core genome (Tree et al., 2014).
These observations suggest A/E pathogens may possess a
larger repertoire of sRNAs compared to their non-pathogenic
siblings and may integrate more sRNAs per target. Horizontally
acquired pathogenicity islands possess an unusually high AT-
content, which is much higher than that of the core genome.
This signature enables them to be readily assimilated into
preexisting regulatory circuits to ensure that their expression is
physiologically and evolutionarily tolerable and spatiotemporally
coordinated with other genes (Fang and Rimsky, 2008; Perez
and Groisman, 2009). It remains to be determined whether
this selective pressure imposes constraints on the nucleotide
composition of sRNAs encoded within pathogenicity islands,
which in turn would be expected to affect their regulons.
Other mechanisms for the evolution of sRNAs and their
cognate targets have also been noted (Updegrove et al., 2015).
It would be interesting to compare and contrast horizontally
acquired sRNAs with ancestral sRNAs to determine the preferred
mechanism(s) that influence their evolution and that of their
targets. Conversely, a comparison of the regulons of orthologous
sRNA between EHEC, EPEC, and E. coli would reveal patterns
of gene acquisitions and losses between related bacterial strains.
Such a study would be useful in further refining the principles
that dictate the structural, functional, and mechanistic evolution
of ancestral sRNAs.
In summary, our current knowledge on the roles of sRNAs
in the virulence of A/E pathogens merely represents the tip
of the iceberg. However, the implementation of genome-wide
transcriptomic screens in EHEC and EPEC to rapidly identify
virulence-associated sRNAs promises to usher in an era of
explosive research, which will undoubtedly rival that of protein-
based regulators.
AUTHOR CONTRIBUTIONS
SB wrote the major body of the manuscript. ME, VJ, SM, and JE
made equal contributions to the manuscript.
ACKNOWLEDGMENTS
We regret that space limitation prevented us from citing all the
work in the area of sRNA-dependent regulation. SB is grateful
to Gigi Storz (NIH/NICHD), Dan Kalman (Emory University),
and Chris Weingart (Denison University) for their mentoring.
Research in SB’s laboratory is supported by generous start-up
funds provided by Saint Joseph’s University. Additional support
is provided by the SJU Biology department, McNulty Scholars
foundation, and Sigma Xi Grants-in-Aid Research. ME and
VJ are recipients of the McNulty Scholar award. ME is also
a recipient of the Sigma Xi GIAR fellowship, Thermo Fisher
Scientific Antibody Scholarship, and the American Society for
Microbiology Undergraduate Research Fellowship (ASM-URF).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5 September 2016 | Volume 6 | Article 105
Bhatt et al. Regulatory RNAs in Attaching and Effacing Pathogens
REFERENCES
Beisel, C. L., and Storz, G. (2010). Base pairing small RNAs and their roles in global
regulatory networks. FEMS Microbiol. Rev. 34, 866–882. doi: 10.1111/j.1574-
6976.2010.00241.x
Beisel, C. L., and Storz, G. (2011). The base-pairing RNA spot 42 participates in a
multioutput feedforward loop to help enact catabolite repression in Escherichia
coli.Mol. Cell 41, 286–297. doi: 10.1016/j.molcel.2010.12.027
Bhatt, S., Romeo, T., and Kalman, D. (2011). Honing the message: post-
transcriptional and post-translational control in attaching and effacing
pathogens. Trends Microbiol. 19, 217–224. doi: 10.1016/j.tim.2011.01.004
Bustamante, V. H., Santana, F. J., Calva, E., and Puente, J. L. (2001).
Transcriptional regulation of type III secretion genes in enteropathogenic
Escherichia coli: ler antagonizes H-NS-dependent repression. Mol. Microbiol.
39, 664–678. doi: 10.1046/j.1365-2958.2001.02209.x
Chao, Y., and Vogel, J. (2010). The role of Hfq in bacterial pathogens. Curr. Opin.
Microbiol. 13, 24–33. doi: 10.1016/j.mib.2010.01.001
Croxen, M. A., and Finlay, B. B. (2010). Molecular mechanisms of Escherichia coli
pathogenicity. Nat. Rev. Microbiol. 8, 26–38. doi: 10.1038/nrmicro2265
De Lay, N., Schu, D. J., and Gottesman, S. (2013). Bacterial small RNA-based
negative regulation: Hfq and its accomplices. J. Biol. Chem. 288, 7996–8003.
doi: 10.1074/jbc.R112.441386
Durand, S., and Storz, G. (2010). Reprogramming of anaerobic metabolism by
the FnrS small RNA. Mol. Microbiol. 75, 1215–1231. doi: 10.1111/j.1365-
2958.2010.07044.x
Elliott, S. J., O’connell, C. B., Koutsouris, A., Brinkley, C., Donnenberg, M. S.,
Hecht, G., et al. (2002). A gene from the locus of enterocyte effacement that
is required for enteropathogenic Escherichia coli to increase tight-junction
permeability encodes a chaperone for EspF. Infect. Immun. 70, 2271–2277. doi:
10.1128/IAI.70.5.2271-2277.2002
Fang, F. C., and Rimsky, S. (2008). New insights into transcriptional regulation by
H-NS. Curr. Opin. Microbiol. 11, 113–120. doi: 10.1016/j.mib.2008.02.011
Gruber, C. C., and Sperandio, V. (2014). Posttranscriptional control of microbe-
induced rearrangement of host cell actin. MBio 5, e01025–e01013. doi:
10.1128/mBio.01025-13
Gruber, C. C., and Sperandio, V. (2015). Global analysis of posttranscriptional
regulation by GlmY and GlmZ in enterohemorrhagic Escherichia coliO157:H7.
Infect. Immun. 83, 1286–1295. doi: 10.1128/IAI.02918-14
Haack, K. R., Robinson, C. L., Miller, K. J., Fowlkes, J. W., and Mellies, J. L. (2003).
Interaction of Ler at the LEE5 (tir) operon of enteropathogenic Escherichia coli.
Infect. Immun. 71, 384–392. doi: 10.1128/IAI.71.1.384-392.2003
Hansen, A. M., and Kaper, J. B. (2009). Hfq affects the expression of the LEE
pathogenicity island in enterohaemorrhagic Escherichia coli.Mol. Microbiol. 73,
446–465. doi: 10.1111/j.1365-2958.2009.06781.x
Jimenez, R., Cruz-Migoni, S. B., Huerta-Saquero, A., Bustamante, V. H., and
Puente, J. L. (2010). Molecular characterization of GrlA, a specific positive
regulator of ler expression in enteropathogenic Escherichia coli. J. Bacteriol. 192,
4627–4642. doi: 10.1128/JB.00307-10
Kalamorz, F., Reichenbach, B., Marz, W., Rak, B., and Gorke, B. (2007). Feedback
control of glucosamine-6-phosphate synthase GlmS expression depends on the
small RNA GlmZ and involves the novel protein YhbJ in Escherichia coli. Mol.
Microbiol. 65, 1518–1533. doi: 10.1111/j.1365-2958.2007.05888.x
Kendall, M. M., Gruber, C. C., Rasko, D. A., Hughes, D. T., and Sperandio,
V. (2011). Hfq virulence regulation in enterohemorrhagic Escherichia coli
O157:H7 strain 86-24. J. Bacteriol. 193, 6843–6851. doi: 10.1128/JB.06141-11
Kenny, B., Devinney, R., Stein, M., Reinscheid, D. J., Frey, E. A., and Finlay, B.
B. (1997). Enteropathogenic E. coli (EPEC) transfers its receptor for intimate
adherence into mammalian cells. Cell 91, 511–520. doi: 10.1016/S0092-
8674(00)80437-7
Keseler, I. M., Mackie, A., Peralta-Gil, M., Santos-Zavaleta, A., Gama-Castro,
S., Bonavides-Martinez, C., et al. (2013). EcoCyc: fusing model organism
databases with systems biology. Nucleic Acids Res. 41, D605–D612. doi:
10.1093/nar/gks1027
Laaberki, M. H., Janabi, N., Oswald, E., and Repoila, F. (2006). Concert of
regulators to switch on LEE expression in enterohemorrhagic Escherichia coli
O157:H7: interplay between Ler, GrlA, HNS and RpoS. Int. J. Med. Microbiol.
296, 197–210. doi: 10.1016/j.ijmm.2006.02.017
Link, T. M., Valentin-Hansen, P., and Brennan, R. G. (2009). Structure of
Escherichia coli Hfq bound to polyriboadenylate RNA. Proc. Natl. Acad. Sci.
U.S.A. 106, 19292–19297. doi: 10.1073/pnas.0908744106
Mehta, P., Goyal, S., and Wingreen, N. S. (2008). A quantitative comparison of
sRNA-based and protein-based gene regulation. Mol. Syst. Biol. 4, 221. doi:
10.1038/msb.2008.58
Mellies, J. L., Barron, A. M., and Carmona, A. M. (2007). Enteropathogenic and
enterohemorrhagic Escherichia coli virulence gene regulation. Infect. Immun.
75, 4199–4210. doi: 10.1128/IAI.01927-06
Papenfort, K., and Vanderpool, C. K. (2015). Target activation by regulatory RNAs
in bacteria. FEMS Microbiol. Rev. 39, 362–378. doi: 10.1093/femsre/fuv016
Papenfort, K., and Vogel, J. (2010). Regulatory RNA in bacterial pathogens. Cell
Host Microbe 8, 116–127. doi: 10.1016/j.chom.2010.06.008
Perez, J. C., and Groisman, E. A. (2009). Evolution of transcriptional
regulatory circuits in bacteria. Cell 138, 233–244. doi: 10.1016/j.cell.2009.
07.002
Raghavan, R., Groisman, E. A., and Ochman, H. (2011). Genome-wide detection
of novel regulatory RNAs in E. coli. Genome Res. 21, 1487–1497. doi:
10.1101/gr.119370.110
Reichenbach, B., Maes, A., Kalamorz, F., Hajnsdorf, E., and Gorke, B. (2008). The
small RNA GlmY acts upstream of the sRNA GlmZ in the activation of glmS
expression and is subject to regulation by polyadenylation in Escherichia coli.
Nucleic Acids Res. 36, 2570–2580. doi: 10.1093/nar/gkn091
Shakhnovich, E. A., Davis, B. M., and Waldor, M. K. (2009). Hfq negatively
regulates type III secretion in EHEC and several other pathogens. Mol.
Microbiol. 74, 347–363. doi: 10.1111/j.1365-2958.2009.06856.x
Sharma, C. M., Papenfort, K., Pernitzsch, S. R., Mollenkopf, H. J., Hinton, J. C.,
and Vogel, J. (2011). Pervasive post-transcriptional control of genes involved
in amino acid metabolism by the Hfq-dependent GcvB small RNA. Mol.
Microbiol. 81, 1144–1165. doi: 10.1111/j.1365-2958.2011.07751.x
Shimoni, Y., Friedlander, G., Hetzroni, G., Niv, G., Altuvia, S., Biham, O.,
et al. (2007). Regulation of gene expression by small non-coding RNAs: a
quantitative view.Mol. Syst. Biol. 3, 138. doi: 10.1038/msb4100181
Tobe, T., Yen, H., Takahashi, H., Kagayama, Y., Ogasawara, N., and
Oshima, T. (2014). Antisense transcription regulates the expression of
the enterohemorrhagic Escherichia coli virulence regulatory gene ler in
response to the intracellular iron concentration. PLoS ONE 9:e101582. doi:
10.1371/journal.pone.0101582
Tree, J. J., Granneman, S., McAteer, S. P., Tollervey, D., and Gally, D. L. (2014).
Identification of bacteriophage-encoded anti-sRNAs in pathogenic Escherichia
coli.Mol. Cell 55, 199–213. doi: 10.1016/j.molcel.2014.05.006
Updegrove, T. B., Shabalina, S. A., and Storz, G. (2015). How do base-pairing
small RNAs evolve? FEMS Microbiol. Rev. 39, 379–391. doi: 10.1093/femsre/
fuv014
Urban, J. H., and Vogel, J. (2008). Two seemingly homologous noncoding RNAs
act hierarchically to activate glmS mRNA translation. PLoS Biol. 6:e64. doi:
10.1371/journal.pbio.0060064
Valentin-Hansen, P., Eriksen, M., and Udesen, C. (2004). The bacterial Sm-like
protein Hfq: a key player in RNA transactions. Mol. Microbiol. 51, 1525–1533.
doi: 10.1111/j.1365-2958.2003.03935.x
Wang, D., Roe, A. J., McAteer, S., Shipston, M. J., and Gally, D. L. (2008).
Hierarchal type III secretion of translocators and effectors from Escherichia
coli O157:H7 requires the carboxy terminus of SepL that binds to Tir. Mol.
Microbiol. 69, 1499–1512. doi: 10.1111/j.1365-2958.2008.06377.x
Waters, L. S., and Storz, G. (2009). Regulatory RNAs in bacteria. Cell 136, 615–628.
doi: 10.1016/j.cell.2009.01.043
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Bhatt, Egan, Jenkins, Muche and El-Fenej. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 September 2016 | Volume 6 | Article 105
